Introduction 14 15
Protein kinases and phosphatases have been under intense study for their roles in fundamental 16 biochemical processes and signal transduction pathways [1, 2] . Recently, they have become attractive 17 targets for therapeutic drug discovery [3] [4] [5] [6] . Kinase catalyzes the transfer of the phosphate group at -18 position of ATP to specific protein/peptide substrates; this process is referred to as phosphorylation. 19 Phosphatase catalyzes the reverse process, removing the phosphate group from the phosphorylated 20 substrates; this process is called dephosphorylation. Phosphorylation and dephosphorylation are reversible 21 dynamic processes, which are important regulatory mechanisms in both prokaryotic and eukaryotic 22 organisms [7] . 23
The most direct way of detecting phosphorylation is to measure the radioactive 32 P transferred 24 from -32 P-ATP to the amino acid residues on the protein substrates Before each use, VACNF NEAs were further polished with 0.05 µm -alumina slurry (Buehler) 2 on napless polishing cloth for 5 min, followed by rinsing with deionized water. The polishing and rinsing 3 procedures were repeated once followed by sonication in deionized water for 15 min. The VACNF NEAs 4 were then electrochemically activated by etching in 1.0 M NaOH solution using four cycles of cyclic 5 voltammetry (CV) with a potential range of -0.10 V to 1.20 V (vs. Ag/AgCl (3 M KCl)) at a scan rate of 6 50 mV•s -1 . Electrodes were rinsed with deionized water and stored in a Petri dish before use. 7 8
Functionalization and passivation of the VACNF NEA chip 9 10
To reduce nonspecific adsorption, the SiO 2 surface of VACNF NEAs was first passivated with 11 protective moieties containing ethylene glycol, as described in our previous report [33, 34] The scheme for functionalization of the peptide to a CNF tip is illustrated in Fig. 2 . A cysteine 21 was added to the carboxyl terminus of the original c-Src kinase peptide substrate 22 (AEEEIYGEFEAKKKK), so that the thiol group of the cysteine can be conjugated to the CNF through a 23 maleimide linker. In addition, a biotin was added to the N-terminus for the binding study described below. 25 of sulfo-NHS were applied to the chip and incubated at room temperature for 2 hours. The unprotected 1 amine function of the diaminohexane was coupled with the carboxylic acid group of CNF. The Fmoc 2 protecting group was then removed by incubating in 10% piperidine in DMF at room temperature for 15 3 min followed by rinsing with DMF. The deprotection procedure was repeated once followed by rinsing 4 with deionized water. A 1.0 mM sulfo-EMCS linker was then applied to the chip and incubated at room 5 temperature for 30 min, allowing the deprotected amine group to react with sulfo-EMCS. Then 50 L 6 solution of 2 M biotinylated c-Src peptide substrate with the cysteine at C-terminus (i.e. biotin-7 AEEEIYGEFEAKKKKC) was applied to the chip and incubated at room temperature for 2 hours. Hence, 8 the peptide substrate was immobilized on the chip through the Michael addition reaction between the thiol 9 group of cysteine residue and the maleimide moiety of CNFs. 10
To verify the coupling of the peptides to CNFs, streptavidin-derivatized latex beads (50 nm in 11 diameter) in phosphate buffered saline solution (PBS, pH 7.4) with 0.005% Tween 20 were applied to the 12 chip followed by extensive washing. The impregnated yellow-green fluorescent dyes in the beads were 13 revealed under a fluorescence optical microscope (Axioskop II, Carl Zeiss) as shown in 
16
The dephosphorylation activity of PTP1B was validated by measuring the amount of remaining 17 phosphotyrosine after incubation using the same ELISA assay kit. The 96-well plate was first coated with 18 the biotinylated peptide substrates. The solution of 5.9 nM c-Src kinase and 0.3 mM ATP in tyrosine 19 kinase buffer was added to each well and incubated at room temperature for one hour to ensure that 1 tyrosine residues on all peptides were phosphorylated. After washing with PBS-Tween 20 buffer and 2 drying for 2 hours at 37 °C, PTP1B in 110 L phosphatase buffer was added to the well and incubated at 3 room temperature for 30 min. for dephosphorylation. The PTP1B concentration was varied from 0.076 4 nM to 2.4 nM. In some experiments, the phosphatase buffer was modified by removing the detergent NP-5 40 to get more reliable electrochemical measurements. The wells were washed thoroughly with PBS-6
Tween 20 buffer and dried. Then a similar ELISA procedure as described above was applied. The 7 absorbance at 490 nm, which indicates the amount of remaining phosphotyrosine in each well, was read 8 with the BioTek microplate reader. 
Characterization of peptide functionalization at CNF tips 22 23
Functionalization of the peptide to the carboxylic groups at the CNF tip involves three steps 24 illustrated in Fig. 2B . A biotinylated peptide substrate specific to c-Src kinase was covalently attached to 25
CNFs through coupling of the thiol group of the cysteine residue in the peptide with the maleimide group 1 at the end of the linker molecule. The major part of the peptide sequence (i.e. AEEEIYGEFEAKKK, the 2 optimal peptide substrate for c-Src kinase) was selected by screening a combinatorial peptide library and 3 reported to undergo in vitro phosphorylation by c-Src kinase with very high efficiency [35] . As illustrated 4
in Fig. 3A , a biotin was added to the distal end (i.e. N-terminus) of the peptide substrate in order to verify 5 its functionalization to the exposed CNF tip through specific binding with streptavidin-derivatized 6 fluorescent latex beads. Clear isolated fluorescent spots were observed under an optical microscope as 7 shown in Fig. S2 , attributed to the clusters of latex beads attached to CNF tips. In addition, FESEM 8 images in Figs. 3B and 3C directly showed that many beads with ~50 nm diameter were attached to the 9 exposed CNF tips (indicated by solid arrows), while only a few beads bound to the SiO 2 surface ( 10 indicated by dashed arrows). Due to charging effects, it was difficult to obtain FESEM images of 11 nonconductive latex beads at higher resolution. For better graphical presentation, images taken from 12
CNFs with the diameter larger than the average were shown. Interestingly, the beads bind not only to the 13 very end of the tip but also to the exposed sidewalls. This is consistent with the presence of many broken 14 graphitic edges along the sidewall as a result of the unique microstructure of CNFs, which consists of a 15 stack of conical graphitic structures as illustrated in Fig. 2A , instead of concentric seamless tubes [36] . It 16 is convincing that peptide substrates are covalently attached to the CNF tip. 17 18
Validation of the enzymatic activities using the ELISA assay 19 20
First, an ELISA assay using the commercial Protein Tyrosine Kinase Assay Kit was adapted to 21 validate the enzymatic activity of c-Src kinase on the designed biotinylated peptide substrate. The detailed 22 procedure is illustrated in Fig. S3 . The absorbance at 490 nm was plotted vs. the quantity of kinase in Fig.  23 4A. Clearly, the concentration of produced phosphotyrosine was proportional to that of c-Src kinase in the 24 range from 0.18 nM to 5.9 nM (1.25 -40 ng in 110 L of solution). There was no difference in 25 absorbance for the peptide substrate with and without biotin (not shown), which confirms that 26 biotinylation does not affect the properties of the peptide. A negative control experiment was performed 1 using another kinase, Epidermal Growth Factor Receptor (EGFR), which showed very low absorbance 2 (data not shown). These studies validated that the designed peptide substrate (i.e. biotin-3 AEEEIYGEFEAKKKC) is highly specific to c-Src kinase. 
3
The activity of PTP1B on the same biotinylated peptide substrates was also validated with the 4 same ELISA assay. The peptide coated in the wellplate was first incubated in a solution of 5.9 nM c-Src 5 kinase and 0.3 mM ATP at room temperature for one hour to ensure that all tyrosine residues on the 6 peptides were phosphorylated. After washing and drying, solutions containing 0.31 -10 ng of PTP1B in 7 110 L phosphatase buffer (i.e. 0.076 nM to 2.4 nM) were added to the wells and incubated at room 8 temperature for 30 min and then followed by a similar ELISA procedure as above. The absorbance at 490 9 nm was plotted in Fig. 4B vs. the quantity of PTP1B. The absorbance, which is proportional to the 10 concentration of remaining phosphotyrosine, dropped from ~0.60 to 0.12 with only 0.5 ng (0.12 nM) 11 PTP1B. In the kinase measurements, the absorbance only increased by 0.45 even at the highest c-Src 12 kinase concentration (5.9 nM). Clearly, the catalytic efficiency of PTP1B is higher than that of c-Src to probe Faradaic impedance associated with the electron transfer resistance R ct in the equivalent circuit. 20
The changes in the film thickness and packing density will affect the accessibility of the redox mediators 21 to the electrode surface and the amplitude of R ct [37] . In the other mechanism, capacitive currents are 22 measured without using redox species. These currents are mainly due to charging/discharging the 23 electrical double layer at the electrolyte-electrode interface (i.e. C dl in the equivalent circuit), which are 24 also sensitive to the film packing and charge density on the electrode surface. 25
However, we found that the mediator mechanism was not applicable in this study. 4-was 2 added, as shown in the ELISA measurements in Fig. S4 . As a result, our electrochemical impedance 3 measurements were performed using the mediator-free mechanism. The detergent NP-40 in the 4 commercial phosphatase buffer solution was also found not suitable for electrochemical measurements 5 since it tended to induce bubbles at the electrode surface, leading to large noises. Thus the buffer 6 composition for electrochemical measurements was modified and validated with the ELISA as shown in 7
Figs. S4 and S5. The phosphorylation and dephosphorylation reactions only took a few minutes, which 8 can be captured by REIS at a fixed frequency of 1000 Hz. 9 The impedance change corresponding to the dephosphorylation by PTP1B was consistently larger than 21 that of the phosphorylation by c-Src kinase. This was likely due to the difference in the enzyme activities. 22
Consistent with the ELISA assay, the REIS measurements for negative control using EGFR did not show 
7

Enzyme kinetics analysis 8 9
The fast kinetics and the notable impedance change during dephosphorylation by PTP1B made it 10 possible for quantitative analysis of enzyme activity based on the REIS results. The raw REIS data in Fig.  11 5B after addition of PTP1B was extracted and modified in three steps: (1) a linear baseline drift (almost a 12 constant at ~17,000 Ω) was subtracted; (2) the subtracted |Z| value was normalized to |Z 0 |, the value right 1 before adding PTP1B; and (3) the time at PTP1B addition was reset to zero. The modified curve (Fig. 6A) where E, S s , ES s , P s and P represent the enzyme (PTP1B), the surface-bound phosphorylated peptide 9 substrate, the enzyme-substrate complex on the electrode surface, the product of dephosphorylated 10 peptide substrate on the electrode surface, and the product of cleaved phosphate, respectively. The 11 reaction rate can be defined as 12 
The value of k cat /K m is referred to as "specificity constant" which is commonly used to represent 4 the catalytic efficiency of enzymes. The value of -d(|Z|/|Z 0 |)/dt of the modified REIS data can be 5 calculated from the exponential fitting function |Z|/|Z 0 | = 0.944•exp(-t/19.1) and plot vs. |Z|/|Z 0 | in Fig. 6B.  6 Clearly, the curve can be fit with a straight line with a slope 0.0522 s -1 . Since [E 0 ]=2.4 nM is known, the 7 specificity constant k cat /K m can be derived as 2.17 x 10 7 M -1 s -1 . It is noteworthy that, despite the absolute 8 impedance value |Z| varied in a large range on different NEA chips (from ~11,000 Ω to ~18,200 Ω in this 9 study), the decay time constants derived from the normalized data (i.e. |Z|/|Z 0 |) are very similar at the 10 same PTP1B concentration. This is the critical quantity related to the enzyme activity. 11
In order to rigorously determine the specificity constant k cat /K m , we investigated the 12 dephosphorylation reactions at two lower PTP1B concentrations at 1.8, and 1. 
8
In contrast to PTP1B, the reported specificity constant of c-Src kinase was two to three orders of 9 magnitude lower, ranging from 2.4 x 10 3 to 2.5 x 10 4 M -1 s -1 [35, [41] [42] [43] . This explains why we were not 10 able to observe reliable kinetics with c-Src kinase. The small impedance change over much longer time 11 can be easily overwhelmed by the baseline drift. For fast enzymatic reactions such as PTP1Bdephosphorylation, the potential of VACNF NEAs as a label-free electrochemical method can be fully 1 utilized. 2 
6
Conclusions 7 8
In summary, we have demonstrated the feasibility of a label-free electrochemical detection 9 method for phosphorylation and dephosphorylation using peptide-functionalized VACNF NEAs by real-10 time impedance measurements. A peptide sequence specific to c-Src tyrosine kinase and PTP1B 11 phosphatase was designed and validated with ELISA based protein tyrosine kinase assay. The peptide 12 was functionalized to the surface of VACNF NEAs. Reversible phosphorylation and dephosphorylation 13 upon adding c-Src kinase and PTP1B into the electrochemical cell were observed. The dephosphorylation 14 reaction by PTP1B showed well-defined fast kinetics in REIS measurements, which can be quantitatively 15 analyzed using Michaelis-Menten heterogeneous enzymatic model. Reliable specificity constant k cat /K m 16 for PTP1B can be derived. In contrast, the signal during phosphorylation was limited by the slowenzymatic kinetics. These results indicate the potential of the electrochemical impedance method, 1 particularly when applied on nanoelectrode arrays, as a viable label-free method for profiling enzyme 2 activities in fast reactions of specific peptide substrates. 
